Abstract: Non-polluting systems based on waterborne polyurethanes (wPU) and poly(urethane-urea)s (wPUU) were synthesized employing poly(propylene glycol) (PPG), dimethylolpropionic acid (DMPA) and 4,4'-dicyclohexylmethane diisocyanate (HMDI) as monomers. In the formulations, the length and the proportion of the soft segments were varied. Three types of chain extenders were employed: ethylene glycol (EG), producing urethane linkages; and ethylenediamine (EDA) and hydrazine (HYD), forming urea linkages. Cast films obtained from wPU and wPUU, monomers and prepolymers were analyzed by Fourier transform infrared spectrometry (FTIR). The profile of carbonyl absorption bands obtained for the films showed some remarkable differences depending on the formulation. The bands were split into two parts, which were directly related to the tendency of hydrogen bond formation. The length of soft segment, the amount of rigid portions and the presence of urea linkages showed a marked influence in both intensity and frequency absorption of the bands.
Introduction
Polyurethanes are versatile polymers that have been employed in the development of many materials which can be found as elastomers, fibers, thermorigid and thermoplastic materials [1] [2] [3] [4] .
The research focusing on formulations based on both waterborne polyurethane (wPU) and poly(urethane-urea) (wPUU) has been motivated by environmental considerations and also due to the superior properties presented by these resins in comparison to similar solvent-born ones [5] [6] [7] [8] [9] . * E-mail: mcd@uerj.br Thermoplastic wPU and wPUU elastomers may be considered as multiblock copolymers of the (A-B)n type, consisting of alternate sequences of soft and hard segments or domains. The former are commonly composed by low molecular weight polyols and the latter contain the urethane groups and are formed from diisocyanates. The urea groups may be introduced if the chain extender utilized is, for example, a diamine [10] [11] [12] . A wide range of physical properties and morphologies can be achieved depending on the composition and the chemical architecture of the hard and soft segments. The primary driving force for domain formation is the strong intermolecular interaction by hydrogen bonds, that urethane and urea units are capable of forming [3, 8, 13, 14] . Some properties of polyurethanes are directly related to the amount of the hard-segment domains, which are extensively hydrogen-bonded with the neighboring chains [8, [10] [11] [12] . In polyether-based polyurethanes and poly(urethane-urea)s, some of the N-H groups will also associate with the oxygen of the ether linkage due to partial phase mixing [2, 3, 8, 15] . The Fourier transform infrared spectrometry (FTIR) is a powerful technique for the investigation of the hydrogen bonding behavior in polyurethanes [14, 16] specially the absorption region of carbonyl groups is concerned. The objective of this work is to present a comparative infrared study of the profile of carbonyl absorption region of polyurethanes and poly(urethane-urea)s films cast from aqueous dispersions. In the formulations, the length of soft segments, the content of rigid segments and the chain extender type were varied.
Experimental

Reagents
The following reagents were used without further purification in waterborne polyurethane and poly(urethane-urea)s synthesis: dibutyltin dilaurate (DBTDL), Aldrich; dimethylolpropionic acid (DMPA), Aldrich; ethylenediamine (EDA), 98.8%, PA-ACS, Reagen; ethylene glycol (EG), Vetec; 4,4'-dicyclohexylmethane diisocyanate (HMDI), Hülls; hydrazine (HYD), 64%, Bayer; poly(propylene glycol) (PPG): (P 1 ) Voranol 2110,Mn (VPO) = 1300 g/mol [12] , and (P 2 ) Voranol 2120,Mn (VPO) = 2450 g/mol [12] , Dow Chemical; and triethylamine (TEA), Union Carbide.
Synthesis
Prepolymer synthesis
Prepolymers anionomers were prepared in bulk at 100°C, by reacting, for 2 hours, PPG, DMPA and HMDI, in the presence of the catalyst DBTDL. The NCO end-groups were determined by using a standard dibutylamine titration method [17] . One fraction was separated and submitted to reflux with methanol, for 2 hours in order to react the NCO end-groups [18] . Then, the prepolymer fraction was dried at room temperature for 5 days and at 65°C, for 12 hours, in order to be analyzed by FTIR.
Aqueous dispersion and chain-extension reaction
The carboxylic groups of DMPA were neutralized by reacting with TEA, at 40-50°C. The next step the prepolymer was submitted depended on the chain extender used. The reaction of EDA and HYD with NCO terminated-chains originated poly(urethane-urea)s. In this case, the prepolymer was firstly dispersed in deionized water, at 20°C, and then submitted to the chain extension reaction. The reaction systems were maintained at 35°C, for 1 hour, in order to complete the extension reaction. The chain extender EG produced polyurethanes, by the reaction of OH groups with NCO end-groups. In this case, the extension reaction was carried out before the water dispersion, in order to avoid the competition between the hydroxyl groups of the extender and the water. After the addition of EG, the reactions were maintained at 45°C, for 1 hour. Finally, water was added and the systems were kept at 30°C, for 1 hour more [10] [11] [12] .
Aqueous dispersions cast films preparation
Films were prepared by casting the aqueous dispersions on leveled surfaces and allowing them to dry at room temperature, for 7 days, and then at 60°C, for 12 hours [10] [11] [12] . When the chain extenders were HYD and EDA, and poly(urethane-urea)s were formed, casting was performed on glass plates. However, when the chain extender was EG, the aqueous dispersions had to be cast in teflon surfaces due to the high adhesiveness observed on the glass surface. After demolding, the films were kept into a desiccator to avoid moisture contact.
FTIR analysis
Fourier transform infrared spectra were recorded on a Perkin-Elmer 1720 spectrophotometer at a resolution of 2 cm −1 , in the range from 4000 to 400 cm −1 calibrated with polystyrene standards. The liquid monomers (PPG and HMDI) were examined between potassium bromide (KBr) plates and the solid monomer (DMPA) was prepared as KBr pellets. The prepolymers were analyzed in the form of thin films, with CHCl 3 as solvent, which were cast onto KBr plates, by spontaneous evaporation at room temperature. The surface spectra of the films cast from aqueous dispersions were collected using the multiple internal reflectance (MIR) technique with a KRS-5 crystal at a 45°angle. The spectrometer was operated in the acquisition mode with the spectrum of the crystal used as the background.
Results and discussion
wPU and wPUU with a solid content of about 35%, 2% w/w content of ionic groups, and viscosities varying from 10 to 50 cP were obtained [12] . Formulations were synthesized with different soft segments lengths: P 1 (Mn PPG = 1300 g/mol), P 2 (Mn PPG = 2450 g/mol) and P 12 (a mixture of 50% of P 1 and P 2 in equivalent-number of OH groups). The content of rigid segments was determined by the ratio between the equivalent-number of NCO groups of the diisocyanate and the equivalent-number of OH groups of the hydroxylated compounds, (NCO/OH) ratio. Three values were employed: 1.9, 2.3 and 3.1. The higher the value of (NCO/OH) ratio, the higher the presence of rigid segments along the chain. Films formation showed that polyurethanes, produced from ethylene glycol (EG) chain extender, exhibited more flexibility than poly(urethane-urea)s, since urea linkages promote rigidity to the chains. Ethylenediamine (EDA) extender led to the formation of more rigid films than hydrazine (HYD), which became brittle at NCO/OH ratio 2.3, while HYD films were still entire. At ratio 3.1, both chain extenders provoked the formation of brittle materials [11, 12] . The segments −CH 2 −CH 2 − from EDA, located between the two urea groups, probably imparted more flexibility to the hard segments, reducing their polarity, and were also more compatible with the PPG-based soft segment. In this case, the miscibility between the phases, hard and soft, must have been improved, considering also the possibility of weaker hydrogen bonding interaction between the PPG ether linkage and urethane and urea linkages, thereby the crystallinity of the whole system increased. On the other hand, HYD provided higher cohesion to the hard segments and, in this case, the miscibility between soft and hard segments must have been decreased. Mechanical strength of the films were determined in a previous work and corroborate with this macroscopic behavior of films formation [11] . FTIR spectra of the films showed carbonyl absorption bands profiles suggesting this behavior, which is discussed bellow.
FTIR analysis
The main characteristic absorptions present in the spectra of the monomers are summarized in Table 1 . Figure 1 shows the spectrum of the unionized methanol-blocked- prepolymer synthesized with P 1 and (NCO/OH) ratio = 2.3. Differences were not observed in prepolymers spectra as far as the length of soft segment and rigid portions content are concerned. The main differences appeared in the materials spectra after chain extension reaction, markedly in carbonyl absorption bands.
In FTIR of polyurethanes in general, some characteristic absorptions are observed. The amide I vibration consists of several components that reflected the C=O groups in different environments and is sensitive to the specificity and the magnitude of the hydrogen bonding. The amide I mode (absorptions in the region between 1600 and 1800 cm −1 ) is a highly complex vibration mode that involves contributions from the C=O stretching, the C−N stretching, and the C−C−N deformation vibrations. The amide II mode (1620-1650 cm −1 ) is a mixture of the N−H in-plane bending, the C−N stretching, and the C−C stretching vibrations and is sensitive to both the chain conformation and the intermolecular hydrogen bonding. The amide III mode involves the stretching vibration of the C−N group. Amide III is highly mixed and complicated by the coupling of the NH deformation modes that are observed in the region between 1200 and 1400 cm −1 . Amide IV, V, and VI bands are highly mixed modes containing a significant contribution from the NH out-of-plane deformation mode, and they are expected to be in the 800-400 cm −1 region [19] .
The main absorption bands are assigned in the prepolymer spectrum. The band present at 3333 cm −1 corresponds to urethane N−H stretching bond, evidence of hydrogen bonding, and the small shoulder present at 3450 cm −1 is due to free N−H, indicating that not all N−H groups, in the prepolymer chains, are hydrogen-bonded. The single and very intense band at 1703 cm −1 corresponds to C=O stretching (Amide I), indicating weak hydrogen bonding. Amide II band can be seen at 1533 cm −1 (N−H deformation and C−N stretching vibrations). The C−O−C symmetrical and asymmetrical stretching absorptions are seen as a weak peak at 1246 cm −1 and as a broad peak at 1103 cm −1 , respectively. Amide III bands must be superposed in the mentioned region and amide IV, V and VI bands are probably related to those that are shown between 800 and 400 cm −1 . The absence of a peak in the range of 2000-2300 cm −1 indicates that all of the isocyanate groups reacted in this system [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . Table 2 shows the most important characteristic group absorptions present in spectra of the chain-extended polyurethanes and poly(urethane-urea)s films, cast from the aqueous dispersions. The carbonyl bands observed in spectra showed accentuated differences as far as chain extender type, length of soft segments and rigid portions content are concerned. The other absorptions did not show marked differences.
Figures 2 and 3 present superposition of carbonyl bands related to poly(urethane-urea)s, chain-extended with hydrazine (HYD) and ethylenediamine (EDA), and polyurethanes, chain-extended with ethylene glycol (EG), and the respective wavenumbers of the absorptions. In Figure 2 , the profiles of the bands are compared taking into account the length of the soft segment (P 1 and P 2 series) and rigid segments content (NCO/OH = 1.9 and 3.1). Figure 3 shows the differences produced for formulations synthesized using the mixture of polyols (P 12 o carbonyl groups of cast films from wPUU, chain-extended with hydrazine (HYD) and thylenediamine (EDA), and wPU, chain-extended with ethylene glycol (EG), with variation in the ength of soft segments (P 1 and P 2 ) and in the rigid segments content (NCO/OH = 1.9 and 3.1) quency values in cm −1 corresponding to carbonyl groups of cast films from wPUU, chain-extended with hydrazine (HYD) and ethylenediamine (EDA), and wPU, chainextended with ethylene glycol (EG), with variation in the length of soft segments (P 1 and P 2 ) and in the rigid segments content (NCO/OH = 1.9 and 3.1).
series) and three different rigid segments content: 1.9, 2.3 and 3.1. The carbonyl profiles presented in Figures 2 and 3 illustrate the interesting behavior of the absorptions, which are extremely influenced by the differences in the formulations synthesized. It can be observed that the carbonyl bands are split into two parts, as shoulders or peaks, suggesting the presence of both weak and strong hydrogen-bonded carbonyl groups [1, 5-8, 19-22, 25, 27] . The intensity and the form of the absorption bands are markedly dependent on the nature of the chain extender, the soft segment length and the content of rigid portions. The N-H group can form hydrogen bonding between hard and hard segments and between hard and soft segments, with the ether oxygen present in PPG. In general, the strength of hard and hard segments hydrogen bonding is stronger than that formed among hard and soft segments. Therefore, the fraction of hard and hard segments hydrogen bonding has been usually employed as a measure of the extent of phase separation, and hard and soft segment hydrogen bonding represents the extent of phase mixing between both [8] . In Figure 2 , the absorptions at higher frequencies, from 1697 to 1702 cm −1 , probably correspond to weak or nonbonded hydrogen groups, whereas the absorptions in lower frequencies, varying from 1635 to 1671 cm −1 , may be due to hydrogen-bonded groups [8, 15, 23, 25, 27, 29] . Taking into account the chain extender, the higher frequency bands (1699-1705 cm −1 ) observed for the samples containing only urethane linkages, in which ethylene glycol (EG) was employed, were remarkably more intense than those at lower frequencies (1634-1653 cm −1 ), which appeared as shoulders. This behavior was independent of the length of soft segment and the rigid segments content and suggests that the chains, in the wPU samples analyzed, have a tendency to produce weak hydrogen bond interactions in comparison with wPUU ones, which have higher polar character. Nevertheless, the presence of urea linkages, promoted by chain extension reaction with hydrazine (HYD) or ethylenediamine (EDA), showed a striking difference in the intensity of the absorptions in both frequency regions (1697-1702 cm −1 and 1635-1671 cm −1 ). The profile of the split bands was directly related to the soft segments length as much as the content of rigid portions along the chains. The bands overlay represented in Figure 2 show that the increase in soft segment length (P 2 series) provoked an increase in the intensity of higher frequency bands and a reduction in the bands associated to lower frequencies. This behavior suggests that the presence of longer soft PPG segments, that separated more the rigid portions formed by urethane (O−CO−NH) and urea (NH−CO−NH) linkages, reduced their tendency to form hydrogen bonds. On the other hand, the increase in rigid segments content, or in the amount of urethane and urea linkages, led to an increase in the polarity and in the intensity of the lower frequency bands associated to hydrogen interactions, as expected. The bands were shifted to lower wavenumbers with the increasing of NCO/OH ratio, i.e., the amount of urea groups [6] . By comparing the profile of the split bands correspondent to the samples obtained with the three different chain extenders, it is remarkable the influence of urea linkages on mixture of polyols (P 12 ) and variation in the rigid segments content (NCO/OH = 1.9; 2.3 and 3. Figure 3 . Profile of the absorption bands and the respective frequency values in cm −1 corresponding to carbonyl groups of cast films from wPUU, chain-extended with hydrazine (HYD) and ethylenediamine (EDA), and wPU, chain-extended with ethylene glycol (EG), synthesized using the mixture of polyols (P 12 ) and variation in the rigid segments content (NCO/OH = 1.9, 2.3 and 3.1).
the tendency to hydrogen bonds formation, which can be seen as an increase in the intensity of lower frequency bands, in comparison with the samples where only urethane linkages are present (EG series). This influence is considerable when EDA was employed as chain extender, in comparison with HYD, as related in literature [32] . The lower frequency of the absorptions for HYD series varied from 1653 to 1671 cm −1 whereas for EDA series was 1637 cm −1 , indicating, for the latter series, stronger hydrogen bonds [24] . Figure 3 illustrates the carbonyl absorptions profile for P 12 series, in which the soft segments composition were not modified, but the (NCO/OH) ratio was varied, producing samples with different rigid segments content. The tendency observed in the absorptions profiles was corroborated showing clearly that as the amount of urethane and urea linkages in the chains increased, the intensity of the absorptions in the region of hydrogen bonding increased, being prominent for EDA series. The profiles show that EDA was the chain extender that most influenced hydrogen bonding behavior, causing a more intense splitting in the bands, independently of the formulation, showing expressively the formation of weak and strong interactions. This may be an indication of higher miscibility between phases, in comparison with the materials obtained from HYD and EG, as chain extenders.
Conclusion
FTIR spectra of cast films obtained from non-polluting systems based on waterborne polyurethanes (wPU) and poly(urethane-urea)s showed remarkable differences in both the profile and the absorption frequencies of carbonyl bands. The profile of the split bands was directly related to the soft segments length and also to the content of rigid portions along the chains, mainly when urea linkages were present. Absorptions at lower frequencies, in the range from 1634 to 1671 cm −1 , corresponding to strong hydrogen bonding formation, became more intense as the length of soft segment decreased, the content of rigid segments increased and with the presence of urea linkages.
